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Mesembryanthemum tortuosum (L.) N.E. Br. is a succulent herb in the ice plant family 
(Aizoaceae) indigenous to South Africa. Historically, it was used for pain relief and appetite 
suppression by the Khoi people but today, extracts of this species are used to treat stress, 
anxiety and depression. Belonging to Mesembryanthemum subg. Mesembryanthemum sect. 
Planifolia (formerly the genus Sceletium), M. tortuosum is one of eight species that are 
challenging to differentiate due to them having several morphological ambiguities. Due to its 
medicinal properties as indicted above, M. tortuosum has gained international interest, which 
in turn has led to a substantial increase in its demand. This has put strain on the 
growers/harvesters and could potentially result in misidentification of cultivated material, 
overharvesting and low-quality products. The current study employed DNA barcoding to 
authenticate commercially cultivated M. tortuosum. A reference library was created using the 
trnL-F and trnQ-rps16 markers. The library was then used to identify the query material by 
making use of the tree-based method and character-based BRONX2 algorithm. Variable 
sequencing success rates were obtained among the individual markers for 61 cultivated plant 
samples – 39 of which could be identified. Only 18 were authentic M. tortuosum, while 21 
were identified as M. crassicaule L. Bolus. This study produced the first DNA barcoding 
reference library for species belonging to M. subg. Mesembryanthemum sect. Planifolia. The 
dataset can be used for the identification and authentication of species belonging to the 
Sceletium-group which, in turn, should ensure safe, efficient and quality products. 
Improvements to internal primers and a combined molecular and chemical authentication 





Chapter 1: Introduction 
 
1.1 The genus Mesembryanthemum L.  
 
Mesembryanthemum L. belongs to the family Aiozoaceae and subfamily 
Mesembryanthemoideae. The taxonomy of this subfamily has undergone dramatic changes in 
the last decade following the application of molecular techniques (Kew, 2020). In 2007, Klak 
et al. lumped all recognised genera (Aptenia N.E. Br., Aridaria N.E. Br., Aspazoma N.E. Br., 
Brownanthus N.E. Br., Caulipsolon Klak, Dactylopsis N.E. Br., Mesembryanthemum L., 
Phyllobolus N.E. Br., Prenia N.E. Br., Psilocaulon N.E. Br., Sceletium (L.) N.E. Br. and 
Synaptophyllum N.E. Br.) within Mesembryanthemoideae into a single genus, 
Mesembryanthemum, due to the absence of reliable and user-friendly characters to indicate 
generic boundaries (Klak et al., 2007). Members of this genus (often referred to as ice plants 
due to globular bladder cells that cover their stems, fruit and leaves, which glisten in the sun 
like ice crystals) are widely distributed across subtropical regions in Africa with  ~74 species 
being endemic to South Africa (SA) (Kew, 2020). In 2014, Klak et al. divided 
Mesembryanthemum into five subgenera and thirteen sections – of which six are recognised 
within M. subg. Phyllobolus, two in M. subg. Crypohytum and five within M. subg. 
Mesembryanthemum (Table 1.1). The focus of the current study is on M. subg. 
Mesembryanthemum sect. Planifolia since it represents all species previously included in the 






Table 1.1: Mesembryanthemum sub-genera and their respective sections. 
 
Mesembryanthemum sub-genera M. sections 
M. subg. Cryophytum (N.E. Br.) Bittrich Callistigma (Dinter & Schwantes) 
Klak 
 Papulosa Haw. 
M. subg. Mesembryanthemum Brownanthus (Schwantes) Klak 
 Eurystigma (L.Bolus) Klak 
 Juncea Haw. ex DC.  
 Mesembryanthemum L. 
 Subacaulia Haw. 
M. subg. Opophytum (N.E. Br.) Bittrich None 
Mesembryanthemum subg. Phyllobolus (N.E. Br.) 
Klak 
Canaliculata Haw. 
 Flaviflora Haw. 
 Geniculiflora DC. 
 Planifolia Haw. 
 Splendentia DC. 
 Vesperifolia Haw. 











The name ‘Sceletium’ is derived from the Latin word ‘sceletus’ (meaning skeleton), which 
largely describes the prominent leaf like skeleton veins structure that form when the plant 
reaches maturity and has dried off (Gericke, 2018). Historically, members of the Sceletium-
group were common within the Kannaland district in the western Cape (WC) and in the 
Kougoedvlakte of Namaqualand in the northern Cape – kanna and kougoed being the Khoi and 
Afrikaans vernacular names for members of this section, respectively (Gericke, 2018). 
Nowadays, however, only isolated populations can be found in the arid southwestern parts of 
SA (Gericke and Viljoen, 2008).  
 
Eight species are recognised within M. sect. Planifolia, which, in turn, are grouped as one of 
two types based on the branching of the secondary veins from the middle vein towards the leaf 
margin (Klak and Bruyns, 2013). The ‘emarcidum’ type plants have leaves that are flat, and 
the leaf venation patterns show a central main vein that branches off with the secondary vein 
from the main vein, which extends to the leaf margins (Figure 1.1A). The emarcidum species 
include Mesembryanthemum archeri (L. Bolus) Klak, Mesembryanthemum emarcidum Thunb. 
and Mesembryanthemum exalatum (Gerbaulet) Klak.  The ‘tortuosum’ type plants generally 
have more concave leaves and dried leaf venation pattern that displays 3, 5 and up to 7 major 
parallel veins that run up to the apex on both sides of the middle vein. These species are 




Mesembryanthemum ladismithiense Klak Mesembryanthemum tortuosum L. and 
















Figure 1.1: The venation pattern of the two Sceletium types: (A) ‘emarcidum’ type and (B) 
‘tortuosum’ type. mv= middle vein, csv= curved secondary vein, ssv= straight secondary vein. 
Source: (Patnala and Kanfer, 2017).  
 
Below follows a short description of species represented within the Sceletium-group (see Table 
1.2 for all known synonyms) and their distribution. 
 
1.2.2 Species descriptions 
 
Mesembryanthemum archeri (Figure 1.2) is a scrambling to erect succulent shrub with 
branches that are often robust. Leaves are flat, non-overlapping, can grow to a length of 25 
mm, have recurved tips, and have small, but extremely conspicuously vaulted bladder cells. 
The secondary veins are curved. Flowers are sessile and are white to pale yellow with a 
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from September to October (Snijman, 2013). Mesembryanthemum archeri is endemic to the 
western Cape Province (Figure 1.3). 
 
 
Figure 1.2: The growth form of Mesembryanthemum archeri displaying the characteristic 
skeletonised leaves and flowers. (A & C - vegetative state, B & C - flowering phase). 









Figure 1.3: Distribution of Mesembryanthemum archeri, adapted from GBIF.org records.  
 
Mesembryanthemum crassicaule (Figure 1.4) is a succulent perennial with decumbent to 
prostrate stems that are sometimes scrambling. The leaves grow up to a length of 40 mm, are 
imbricate, have recurved tips, and have flattened bladder cells. Flowers are stalked, and are 
white to pale yellow or pale pink, with a diameter of ~20–30 mm. Fruits have 5 or 6 locules 
with valve wings. Flowering occurs from October to November (Manning and Goldblatt, 
2012). Mesembryanthemum crassicaule can be found in the Western and Eastern Cape 







Figure 1.4: Mesembryanthemum crassicaule showing flower’s and leaves.  (A - 
vegetative state, B, C & D - flowering phase). Sources: A: © Luc Strydom; B, C & E: © 
Laaiqah Jabar; D: © prix_burgoyne. 
A B 
C D 







Mesembryanthemum emarcidum (Figure 1.6) is a scrambling succulent shrub with decumbent, 
rarely erect stems with weak branches. Leaves are flattened, non-overlapping, can grow to a 
length of 35 mm, have recurved tips, and have small, but conspicuously vaulted bladder cells. 
The secondary veins are curved. Flowers are stalked, and are white to pale yellow, with a 
diameter of ~20 mm. The fruits have 4 or 5 locules with valve wings present. Flowering occurs 
from August to October (Snijman, 2013). Mesembryanthemum emarcidum can be found in the 
Northern, Western and the Eastern Cape provinces (Figure 1.7). 
 
 
Figure 1.6: The growth form of Mesembryanthemum emarcidum displaying the characteristic 
skeletonised leaves and flowers. (A, B & C - flowering phase, D & E - vegetative state). 
Sources: A, B & C: © Prix Burgoyne; D & E: © Douglaseuston Brown. 
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Figure 1.7: Distribution of Mesembryanthemum emarcidum, adapted from GBIF.org records. 
 
Mesembryanthemum exalatum (Figure 1.8) is a decumbent or scrambling succulent shrub with 
stems that are rarely erect and that have weak branches. Leaves are flat, non-overlapping, can 
grow to a length of 35 mm, have recurved tips, and have small, but conspicuously vaulted 
bladder cells. Flowers are stalked, and are white to pale yellow, with a diameter of ~20 mm. 
The fruits have 4 locules without valve wings. Flowering occurs from September to October 
(Snijman, 2013). Mesembryanthemum exalatum can be found in the Northern and Western 







Figure 1.9: Distribution of Mesembryanthemum exalatum, adapted from GBIF.org records. 





Mesembryanthemum expansum (Figure 1.10) is a succulent perennial with prostrate to 
sprawling stems. The leaves are not imbricate, grows up to a length of 65 mm, have tips that 
are recurved, and have small bladder cells. Flowers are stalked, and are yellow, with a diameter 
of ~40 mm. Mesembryanthemum expansum flowers have filamentous staminodes that conceal 
the reproductive parts. The fruits have 4 or 5 locules with valve wings. Flowering occurs from 
September to November (Manning and Goldblatt, 2012). Mesembryanthemum expansum can 
be found in the Western and Northern Cape provinces (with a very sparse distribution across 
the latter; Figure 1.11).   
Figure 1.10: The growth form of Mesembryanthemum expansum displaying the characteristic 
skeletonised leaves and flowers. (B, C & D - vegetative state, A & E - flowering phase) 
Sources: A: © Tony Rebelo; B, D & E: © Gawie Malan; C: © Nicola van Berkel. 
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Figure 1.11: Distribution of Mesembryanthemum expansum, adapted from GBIF.org records. 
 
Mesembryanthemum ladismithiense (Figure 1.12) is a succulent perennial with prostrate to 
decumbent stems that are sometimes scrambling. Leaves are not imbricate; they possess 
flattened bladder cells, and can grow to a length of 40 mm with tips that are recurved. The 
flowers of M. ladismithiense are stalked, and are white to pale yellow, with a diameter that’s 
roughly 20-30 mm. Fruits have 4 or 5 locules, and have valve wings present. Flowering occurs 
from May to September (Manning and Goldblatt, 2012). Mesembryanthemum ladismithiense 







Figure 1.12:  The growth form of Mesembryanthemum ladismithiense displaying the 
characteristic skeletonised leaves and flowers. (A & B - flowering phase, B & C - vegetative 










Mesembryanthemum tortuosum (Figure 1.14) is a succulent perennial that has a scrambling 
prostrate stem habit (Manning and Goldblatt, 2012). Leaves are imbricate with incurved tips, 
and have 3 to 5 major veins  (Chesselet, 2005). The leaves can grow up to length of 40 mm 
long, and they have large bladder cells. Flowers are subsessile, white to pale yellow or pale 
orange to pale pink, and have a diameter of around 20–30 mm. Fruits have 4 or 5 locules with 
valve wings present (Manning and Goldblatt, 2012). Flowering occurs from spring to early 
summer in the southern hemisphere (Chesselet, 2005). Mesembryanthemum tortuosum can be 
found in the Northern, Western and the Eastern Cape provinces (Figure 1.15). It is most 
abundant in Namaqualand and the Little Karoo and only sparsely distributed in the surrounding 




Figure 1.14: Varying growth stages of Mesembryanthemum tortuosum, showing the 
characteristic skeletonised leaves and flowers. (A, B, D & F – flowering phase, C& E – 
vegetative state) Sources: A, C & F: © Di Turner; B, C & E: © Marion Maclean. 
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Figure 1.15: Distribution of Mesembryanthemum tortuosum, adapted from GBIF.org records. 
 
Mesembryanthemum varians (Figure 1.16) is a scrambling succulent perennial with stems that 
are either be erect or decumbent. Leaves are imbricate; they possess small bladder cells, and 
can grow to a length of 20 mm, with tips that are recurved. Flowers are stalked, and are white 
to pale yellow, with a diameter of ~40 mm. Flowers have filamentous staminodes that cover 
the reproductive parts. Fruits have 4 or 5 locules with valve wings (Manning and Goldblatt, 
2012). Flowering occurs from winter into spring (Riddles, 2014). Mesembryanthemum varians 






Figure 1.16: The flowering phase of Mesembryanthemum varians displaying the 
characteristic skeletonised leaves and flowers. Sources: A, B, D, E & F: © Lizelle 
Erasmus; C: © Nick Helme. 
A B 
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Table 1.2: Synonyms for species within M. subg. M. sect. Planifolia. 
 
Taxa Synonyms 
Mesembryanthemum archeri (L. Bolus) 
Klak 
Sceletium archeri L. Bolus 
 Sceletium rigidum L. Bolus 
Mesembrynathemum crassicaule Haw. Sceletium albanense L. Bolus 
 Sceletium crassicaule L. Bolus 
Mesembryanthemum emarcidum Thunb. Mesembryanthemum anatomicum Haw. 
 Mesembryanthemum anatomicum Haw. var. 
anatomicum 
 Mesembryanthemum anatomicum Haw. var. 
emarcidum (Thunb.) DC. 
 Mesembryanthemum anatomicum Haw. var. 
fragile Haw. 
 Sceletium anatomicum (Haw.) L. Bolus 
 Sceletium emarcidum (Thunb.) L. Bolus ex 
H.Jacobsen 
 Sceletium dejagerae L. Bolus 
 Tetracoilanthus anatomicus (Haw.) Rappa & 
Camarrone  
Mesembryanthemum exalatum (Gerbaulet) 
Klak 
Sceletium exalatum Gerbaulet 






 Sceletium expansum (L.) L. Bolus 
 Sceletium regium L. Bolus 
Mesembryanthemum ladismithiense Klak Sceletium strictum L. Bolus 
Mesembryanthemum tortuosum L. Mesembryanthemum aridum Moench  
 Mesembryanthemum concavum Haw. 
 Pentacoilanthus tortuosus (L.) Rappa and 
Camorrone 
 Phyllobolus tortuosus (L.) Bittrich  
 Sceletium boreale L. Bolus 
 Sceletium compactum L. Bolus 
 Sceletium concavum (Haw.) Schwantes 
 Sceletium gracile L. Bolus 
 Sceletium framesii L. Bolus 
 Sceletium jourbertii L. Bolus 
 Sceletium namaquense L. Bolus 
 Sceletium ovatum L. Bolus 
 Sceletium tortuosum (L) N.E.Br. 
 Sceletium tugwelliae L. Bolus 
Mesembrynathemum varians Haw. Sceletium subvelutinum L. Bolus 







1.2.3 Conservation status of species within M. subg. M. sect. Planifolia 
 
Several species within M. subg. M. sect. Planifolia (e.g. M. expansum, M. ladismithiense and 
M. varians) have been assessed as threatened by South African National Biodiversity Institute’s 
Threatened Species Programme (http://redlist.sanbi.org/; see Figure 1.8). Mesembryanthemum 
varians and M. expansum are both categorised as vulnerable (VU) and M. ladismithiense is 
categorised endangered (EN) as populations are rapidly declining  (SANBI, 2012). 
Mesembryanthemum tortuosum is considered as least concern (LC) probably due to it being 
grown commercially on a large scale, which protects wild populations from being 
overharvested (Mail & Guardian, 2015) for its medicinal properties. Mesembryanthemum 
tortuosum was introduced to the western world as a mood elevating plant by the Khoi and San 
people of South Africa. These Days, it is sold commercially as kanna and used as an anti-






Figure 1.18: Schematic chart showing the Redlist categories of all members of the Sceletium 
group. ©Adopted from SANBI Redlist. 
 




The history of kanna has been documented for over 300 years (Davies, 2016) and has been 
reviewed in various publications (Smith et al., 1996; Smith et al., 1998; Gericke and Viljoen, 
2008; Terburg et al., 2013; Gericke, 2014; Patnala and Kanfer, 2015; Patnala and Kanfer, 2017; 






Table 1.3: The history of the Sceletium group and kouged as medicinal plants. 
 
History  
1662 Jan van Riebeck receives kanna from the indigenous [Nama/Khoi/San] in 
exchange for gifts. Kanna/Canna was known to be similar to ginseng. 
1685 Expedition into the mountains of Namaqualand to document useful plants of the 
Cape of Good Hope, the first botanical specimens and detailed drawings of 
kanna, a Sceletium-group species were collected. 
1686 Kanna was frequently being exchanged for other barter commodities with ships 
that docked in the Cape. 
1772-
1775 
Carl Peter Thunberg, a Swedish botanist reported high value narcotic plants were 
found around the present-day town of Oudtshoorn in the Little Karoo, an area 
also known as Kannaland. 
First recorded use of kon (Mesembryanthemum emarcidum), which was popular 
nationwide. Kon is also referred to as canna root. 
1851 A collection noteworthy - Cape medicines are sent to the Great London 
Exhibition of 1851. This is where Sceletium made an international debut and 
gained popularity. 
Mesembryanthemum tortuosum or kauw-goed (Chewing stuff) as it is natively 
known, is described as a narcotic in an entry made by Karl Wilhelm.  
1856 Kanna is described as a species of ginseng in the French-English dictionary. 
1858 A difference in activity of two Sceletium species was observed 
• Mesembryanthemum emarcidum does not have narcotic properties until it 
is treated in a specific way. 
• Mesembryanthemum tortuosum is recorded as narcotic without 
undergoing any treatment. 
1876 Sceletium is rumoured to being used as a botanical medicine in the United States, 
due to entries of Mesembryanthemum tortuosum in two books of botanicals that 






1896 The first pharmacological study was reported when a crude alkaloid was 
extracted from kauwgoed material that was botanically identified as 
Mesembryanthemum tortuosum. 
Plant material were sent to Germany where a compound was crystallised, it was 
discovered to have a similar mode of action to morphine.  
1898 Two species of Sceletium were compared: 
• Mesembryanthemum anatomicum (=Mesembryanthemum emarcidum) 
was described as a light narcotic 
• Mesembryanthemum tortuosum was described as soporific, causing a 
decrease in sensation and the dilation of pupils.  






Ethnobotanical surveys and reviews for Sceletium were done by Smith et al. (1996) Gericke 
and Van Wyk (2001), Gericke and Viljoen (2008), and Gericke (2018). Gericke (2018) 
conducted fieldwork in the Kougoedvlakte. Interviews were done and discussions with elderly 
members of the Riemvasmaak Community Conservatory. The interviewees had used kanna for 
decades. It was reported that Mesembryanthemum tortuosum is harvested by locals during the 
dry season (from October to January) when the plants are partially dried and yellow in colour 
(the yellow colour signifies potency). Plants can be found growing under woody shrubs where 
they are partially shaded and sheltered from foraging animals and/or wind and are cut above 
ground - leaving a small portion of the stem behind to resprout in the next growing season 





The preparation method used for the harvested material can greatly enhance or reduce the 
potency of the final kougoed concoction (Patnala and Kanfer, 2013).  Preparation is done by 
crushing freshly harvested kanna between rocks and storing the contents in a container that 
allows its contents to ferment for a few days. The container/bag is then left in the sun for two 
to three days. Thereafter, it is opened, and the contents mixed. The plant material is again 
returned to the container and allowed to ferment more in the sun. After eight days, the plant 
material is taken out of the container and left to dry in the sun. The resulting product is only 
then referred to as kougoed (Smith et al., 1996; Smith et al., 1998). Once the plant material is 
prepared, it can be consumed either by smoking or chewing (Patnala and Kanfer, 2017).  
 
The consumption of this has an intoxicating effect and depending on the mode of consumption 
can act as a sedative or narcotic. When smoked, kanna results in euphoria by elevating the 
user’s mood. Kanna causes a decrease in sensation and even acts as an anaesthetic, it is famous 
for suppressing pain, hunger, and nausea. Traditionally it is touted as an endurance and memory 








The commercialisation of Sceletium was initiated by Phyto Nova in the year 2000 when they 
produced the first tablets from whole powdered kanna (Van Wyk, 2011). Thereafter, in 2010, 
HG&H pharmaceuticals was the first company in SA to be granted an export and 
bioprospecting permit, which allows them to commercialise indigenous plants.  They 
contracted Nektium Pharma SL (previously known as Polifenoles Naturales SL) to produce 
Zembrin® - a fully standardised, characterized and patented Sceletium extract (Patnala and 
Kanfer, 2010), which they sell locally and internationally (Mail & Guardian, 2015). Brunel 
Laboratoria is a SA pharmaceutical company that produces tablets containing Zembrin® (Mail 
& Guardian, 2015), which are sold under the name elev8. The product was effectively approved 
in September 2012 by the South African Medicine Control Council  (Health 24, 2017). 
Numerous other pharmaceutical companies have also patented the use of mesembrine and 
related compounds. The desired species to use in products is Mesembryanthemum tortuosum 
(= Sceletium tortuosum), but all species within the Sceletium-group can be utilised (Gericke 
and Van Wyk, 2001; Scott, 2019). 
 
Zembrin® containing products are marketed as natural alternatives to mainstream drugs such 
as Prozac®, Cymbtalta® and Efexor®, which are used to treat depression and anxiety amongst 
others. Each year these mainstream drugs are prescribed to over 40 million patients by doctors 
in the U.S.A. and Europe (Health 24, 2017). None of the species in the Sceletium-group have 
been banned from trade by the international trade regulatory body of the Convention on 
International Trade in Endangered Species of Wild Fauna and Flora (CITES). This is troubling 
since wild populations are declining, and three of the eight species belonging to the Sceletium 





Locally, kanna is mostly traded as unprocessed material. Due to the many varieties of kanna 
that exist, it is important to use only naturally occurring, and traditionally used chemotypes for 
the production of consumer products to ensure consistent and quality products (Murbach et al., 
2014). Verve Dynamics produces Sceletium products that are sourced from material cultivated 
throughout the country (SA) and Namibia. The company is registered locally and with the 
United States' Food and Drug Administration. They have isolated eight kinds of alkaloids from 
these plants and were interested in using different combinations to induce certain effects 
(Patnala and Kanfer, 2013; Mail & Guardian, 2015).  
 
Species belonging to the Sceletium-group were therefore of great commercial and medicinal 
significance with potential for further development and refinement (Smith et al., 1998). They 
have been increasingly cultivated on a large scale to further exploit their commercial potential 
and to help conserve wild populations from further depletion. These operations also provide 
companies with sustainable and standardised high-quality raw plant material (Gericke and 
Viljoen, 2008). 
 
1.5 Authentication of herbal products 
 
Since kanna was first cultivated, there has been a consistently increasing demand for 
nutraceutical products that contain it, which has put producers under pressure. Nevertheless, 
complementary medicines have not been strictly regulated, and much of their medicinal and 
therapeutic benefits still needs significant authentication. There has been growing concerns in 
terms of the quality, the authenticity and the potency of the products (Patnala and Kanfer, 




regulate over 150 000 complementary medicines that are already on the market (Mail & 
Guardian, 2015). 
 
In this globalised economy it is much easier to get herbal medicines shipped from producers 
straight to your door, which poses a variety of health risks if adequate quality control is not in 
place (Efferth and Greten, 2012). Intentional substitution/adulteration is the use of different 
ingredients than those on the product label on purpose – often with the intention of cutting 
down on cost. It can also be motivated by a shortage of the original target plant species. 
Conversely, unintentional substitution/adulteration, where the use of a different plant 
ingredient is unintentional, is often due to species misidentification. Substitution/adulteration, 
irrespective of whether it is intentional or not, can result in a product that is therapeutically less 
active/inactive, a product that has adverse side effects or a product that is potentially toxic 
(Ekar and Kreft, 2019). It can further negatively impact populations of visually similar of the 
species of interest. The above-mentioned factors clearly highlight the need for authenticating 
commercial herbal products. 
 
1.5.1 Chemical profiling 
 
The current standard for authenticating species within the Sceletium-group entails chemical 
profiling to discriminate between them. It entails generating a chromatographic fingerprint - a 
specific pattern produced by separating as many different compounds as possible - that can be 
used for identification. The presence of unknown or different compounds in the samples tested 
may suggest the presence of an adulterant. Various analytical techniques such as thin layer 
chromatography (TLC), gas chromatography (GC), high-performance liquid chromatography, 




detection have been used to produce these fingerprints and to identify the different compounds 
found within the different species (Gericke and Van Wyk, 2001; Patnala and Kanfer, 2010, 
2013; Shikanga et al., 2012). 
 
As with any scientific technique, chemical profiling has some drawbacks. A reliable and 
complete reference library of all the species within the group is necessary for identification 
purposes. Furthermore, some compounds that are present in small amounts can go undetected 
due to the inability to detect them below a certain minimum threshold. For species in the 
Sceletium-group, chemical profiles are currently incomplete since not all members have been 
profiled (Patnala and Kanfer, 2013). Mostly because the principles of identifying these species 
revolves around the presence of Mesembrine - an alkaloid believed to only be found in large 
amounts in one species, Mesembryanthemum tortuosum (Gericke and Van Wyk, 2001; Patnala 
and Kanfer, 2013). 
 
Without a complete chemical profiling reference library of all the species in this group, it would 
be hard to identify these species confidently. The species M. tortuosum is also heterotypic - a 
result of merging species that were previously believed to be different. The M. tortuosum 
species complex therefore consists of several heterotypic synonyms - some of which have a 
distinctive chemical profile. Earlier studies on Sceletium jourbertii L., S. subvelutinum L. and 
S. namaquense L. found that they were chemically distinct from one another in the abundancy 
and/or composition of mesembrine alkaloids (Patnala and Kanfer, 2017). Furthermore, a study 
on the chemotypes of M. tortuosum and S. jourbertii showed that the latter is chemically 
different from the former (Roscher et al., 2012).  Two varieties of M. tortuosum have been 




Due to the challenges with utilising chemical methods to identify these species, an alternative 
approach, which relies on the use of genetic differences between and within species have been 
proposed. In particular, DNA barcoding (discussed below in section 1.6.2). Chemical profiling, 
when used alongside DNA barcoding, may significantly improve the discrimination of species. 
 
1.5.2 DNA barcoding 
 
DNA barcoding, a ground-breaking molecular technique that aims to identify all life on earth, 
was proposed by Hebert et al. in 2003 due to limitations that are inherent in morphology-based 
identification and the lack of trained taxonomists. Limitations that could lead to 
misidentification include factors such as phenotypic plasticity, genetic variability of characters 
within a species, cryptic species and gender and life cycle driven variation (Herbert et al., 2003; 
Hollingsworth et al., 2011).  
 
DNA barcoding makes use of short standardised regions (< 1000 base pairs) of the genome 
(referred to as a “barcodes”) that evolve fast enough to discriminate between closely related 
species (Veldman et al., 2014). In 2009, the CBOL Plant Working Group proposed the 2-locus 
combination of rbcLa + matK as the core plant barcode (CBOL Plant Working Group et al., 
2009). Due to it often being challenging to amplify matK successfully (Kress and Erickson, 
2007; Fazekas et al., 2008; Kool et al., 2012) several additional markers have been proposed 
by the scientific committee i.e. the atpF-atpH spacer (CBOL Plant Working Group et al., 
2009), the rpoB gene (CBOL Plant Working Group et al., 2009), rpoC1 (Kool et al., 2012), 
the psbK-psbI spacer (CBOL Plant Working Group et al., 2009), trnL (Taberlet et al., 2007) 




approach to plant barcoding where additional or complementary markers can be used to 
supplement in the two core DNA barcodes (Adamowicz et al., 2017). 
 
Once a DNA barcode sequence is generated, an algorithm is used to compare the sequence to 
the web-based bioinformatics platform called BOLD (Barcodes of Life Datasystems; 
www.boldsystems.org version 4.0; Ratnasingham and Hebert, 2007). It consists of a collection 
of DNA barcodes that serve as a reference library for animal, plants and fungal species 
identification (Ratnasingham and Hebert, 2007). BOLD is the only informatics platform 
dedicated to DNA barcoding and plays a crucial role in assimilating and organising data 
gathered by the international barcode research community. This approach to species 
identification has been verified numerous times and can be applied to all stages of an 
organism’s life cycle as well as for degraded material. For example, DNA has found many 
applications in surveying medical plants in the commercial and informal trade, also in 
monitoring threatened species (Van der Bank et al., 2016). 
 
DNA barcoding has emerged as a powerful and well-received tool for the authentication of 
medicinal plants and commercial herbal products. The introduction of molecular techniques 
such as DNA barcoding to the British Pharmacopoeia (BP) as a standard method of identifying 
and regulating herbal material speaks to this (Sgamma et al. (2017). The BP has set out 
guidelines for the use of DNA-based techniques for the identification of herbal drugs following 
a standard protocol. Holy basil (Ocimum tenuiflorum) was the first medicinal plant species for 
which DNA barcoding was an authentication requirement. The produced monographs were 
analysed against a database of material traded in the United Kingdom. The methodology 




This study also outlined the importance of having a reference database and provided potential 
solutions for common problems experienced in every stage of the analyses.  
 
Another interesting case study by Mishra et al. (2016) showed successful identification of 
processed herbal products. The universal DNA barcoding protocol was effective in identifying 
dried, as well as processed herbal products, across 19 plant families. Certain sets of loci pairs 
were more effective in specific herbal material – illustrating the importance of loci selection 
when using this technique. Recommendations of loci pairs to use for 19 plant families were 
made by Mishra et al. (2016). 
 
The studies above, and many others, demonstrate that molecular identification through DNA 
barcoding is an effective tool for the identification of commercial herbal products, and thus 
motivated the use of DNA barcoding to assist in the identification of cultivated ‘Sceletium’ 






1.6 Aims and objectives of this study 
 
The current standard method for authenticating taxa within the Sceletium-group is chemical 
profiling alongside taxonomic identification. However, due to the broad spectrum of shared 
morphological characters, it is particularly difficult to diferentiate species within this group. 
Similarly, chemical profiling for this group is not well developed (see section 1.5.1). These 
shortcomings are exacerbated by regulations that are laxed at best – providing ample 
opportunity for misidentification and substitution to go undetected and unregulated. Therefore, 
in the present study, the aim was to use DNA barcoding as an alternative method for 
authenticating cultivated species within the Sceletium-group. 
 
The objectives of this study were:  
1) To construct a DNA barcoding reference library including all eight recognised species 
within M. subg. M. sect. Planifolia (=Sceletium-group), 
2) To test the efficacy and reliability of the reference library, and 
3) To use the generated reference library to identify and authenticate material cultivated 






Chapter 2: Material and Methods 
2.1 Reference DNA Barcode Library 
 
2.1.1 Specimen Collection 
 
Specimens of Mesembryanthemum emarcidum, M. exalatum, M. archeri, M. varians, M. 
crassicaule and M. tortuosum were identified and collected from several sampling sites in the 
Northern and West Cape provinces (Table 2.1; Figure 2.1) by Dr. Cornelia Klak and Prof Peter 
Bruyns form the University of Cape Town’s BOLUS herbarium (BOL). Between two and four 
individuals per species were collected to compensate for species level variation. For every 
specimen collected, a) an herbarium voucher was prepared for deposition at BOL (see voucher 
numbers in Table 2.1) and b) fresh leaf tissue samples were harvested, which were then dried 
in silica gel for later DNA extraction. Specimens/leaf material of the two threatened species - 
Mesembryanthemum expansum (VU) and M. ladismithiense (EN) – could not be collected for 
this study due to them being difficult to come by. Nevertheless, DNA sequences (all but the 
trnQ-rps16 intergenic spacer; see section 2.1.3 for loci selection) for single specimens of these 
two taxa (identified by Bruyns) could be mined from GenBank® (www.ncbi.nim.nih.gov, Clark 
et al., 2016). Additionally, sequences for specimens belonging to Drosanthemum Schwantes 
(D. deciduum H.E.K.Hartmann & Bruckm., D. inornatum (L.Bolus) L.Bolus and D. 
diversifolium L.Bolus) were mined (see Table 2.2). This genus belongs to the Aizoaceae sub-
family Ruschioideae, which is sister to Mesembryanthemoideae (Klak et al., 2007), making its 









Locality GPS coordinates 
Mesembryanthemum 
emarcidum 
Klak 2579 Calvinia div., N of Moordenaarspoort 31°12'22.7"S 19°56'46.8"E 
M. emarcidum Klak 2580 Calvinia div., Downes railway siding 31°29'10.3"S 19°56'55.4"E 
M. emarcidum Klak 1407a Calvinia div., Moordernaarspoort 31°19'34.0"S 19°56'10.0"E 
M. emarcidum Klak 1407b Calvinia div., Moordernaarspoort 31°19'34.0"S 19°56'10.0"E 
M. emarcidum Klak 1407c Calvinia div., Moordernaarspoort 31°19'34.0"S 19°56'10.0"E 
M. emarcidum Bruyns 9819a Beaufort West District, De Jager's Pass 32°05'00.0"S 22°45'00.0"E 
M. emarcidum Bruyns 9819b Beaufort West District, De Jager's Pass 32°05'00.0"S 22°45'00.0"E 
M. emarcidum Bruyns 9819c Beaufort West District, De Jager's Pass 32°05'00.0"S 22°45'00.0"E 
Mesembryanthemum 
exalatum 
Klak 2568a Kamieskroon 29°20'57.4"S 17°46'58.0"E 
M. exalatum Klak 2568c Kamieskroon 29°20'57.4"S 17°46'58.0"E 
Mesembryanthemum 
tortuosum 
Klak 2564a Prince Albert, farm Welgelegen 33°15'43.6"S 22°06'08.5"E 
M. tortuosum Klak 2564b Prince Albert, farm Welgelegen 33°15'43.6"S 22°06'08.5"E 
M. tortuosum Klak 2564c Prince Albert, farm Welgelegen 33°15'43.6"S 22°06'08.5"E 
M. tortuosum Klak 2581 Touwsriver, Anysberg Nature Reserve 33°30'44.0"S 20°22'53.0"E 
M. tortuosum Klak 2582 Touwsriver, Anysberg Nature Reserve 33°30'15.2"S 20°21'01.6"E 
Mesembryanthemum 
archeri 
Klak 2567a Prince Albert, along road to Tierberg 33°13'08.5"S 22°03'14.3"E 
M. archeri Klak 2567b Prince Albert, along road to Tierberg 33°13'08.5"S 22°03'14.3"E 
M. archeri Klak 2567c Prince Albert, along road to Tierberg 33°13'08.5"S 22°03'14.3"E 
Mesembryanthemum 
varians 
Klak 2586a Robertson, road to Ashton 33°48'52.7"S 19°54'11.2"E 




M. varians Klak 2587a Langeberg Local Municipality 33°55'16.1"S 19°53'12.4"E 
M. varians Klak 2587b Langeberg Local Municipality 33°55'16.1"S 19°53'12.4"E 
M. varians Klak 2587c Langeberg Local Municipality 33°55'16.1"S 19°53'12.4"E 
Mesembryanthemum 
crassicaule 
Klak 2593_1 Swellendam Local Municipality 34°24'25.5"S 20°49'59.0"E 
M. crassicaule Klak 2593_2 Swellendam Local Municipality 34°24'25.5"S 20°49'59.0"E 
M. crassicaule Klak 2589_1 Swellendam Local Municipality 34°24'28.0"S 20°48'26.5"E 
M. crassicaule Klak 2589_2 Swellendam Local Municipality 34°24'28.0"S 20°48'26.5"E 
 
Table 2.2: Additional specimens for which DNA sequences were mined from GenBank. 
 
Taxa  Voucher Number Locality of Sample 
Mesembryanthemum ladismithiense Bruyns 9562 St. Helena Calitzdorp 
M. expansum Bruyns 9962 Riebeek Kasteel 
Drosanthemum deciduum Klak 1638 N/A 
D. inomatum Bruyns 10066 N/A 





      
Figure 2.1: Sample sites of the reference specimens used for constructing the reference library. 
 
2.1.2 DNA Extraction  
 
Total genomic DNA (gDNA) was extracted for each specimen from 0.8-1.3 g of the silica dried 
leaf material using the 10X CTAB (hexa-cetyl-trimethylammonium bromide) method of Doyle 
and Doyle (1987). The extracted DNA was subsequently precipitated using the ethanol-based 
method of Eickbush and Moudrianakis (1978). The DNA products were then visualised on a 
1% agarose gel. 
 














The standard barcoding regions rbcLa and matK and the chloroplast regions trnL-F and trnQ-
rps16 were selected for testing in this study following the recommendation of the CBOL Plant 
Working Group (2009) for using the former two loci as core barcode and the proven utility in 
Azioaceae phylogenetic studies of the latter two loci (Klak and Bruyns, 2013; Powell et al. 
2016, 2017, 2018).  
  
2.1.4 DNA Amplification and Sequencing 
 
DNA polymerase chain reactions (PCRs) were carried out using a GeneAmp® PCR System 
9700 thermocycler (Thermo Fisher Scientific, Massachusetts, USA) as well as the primer pairs 
as listed in Table 2.3. The primer pair trnQ-532-R and rps16-X1-498-F was designed (this 
study) using Geneious v.8.1.9 (http://www.geneious.com; Kearse et al., 2012) to more readily 
amplify the trnQ-rps16 intergenic spacer for members of the Sceletium-group. For each 
reaction, 12.5 μL of Applied Biosytem’s Dream Taq polymerase, 9.1 μL molecular grade 
water, 0.8 μL bovine serum albumin (BSA), 0.5 μL dimethyl sulfoxide (DMSO), 0.5 μL 
magnesium chloride, 0.3 μL  primer (forward and reverse, respectively) and 0.5-2.5 μL gDNA 
(depending on the DNA concentration) was added to a 0.2 mL PCR reaction tube. Furthermore, 
for each run on the thermocycler, a negative control without gDNA was included to ensure that 
no contaminant DNA was introduced at any stage prior to the run. The PCR amplification 
programs followed for the different gene regions are shown in Figure 2.2. The resulting PCR 
products were then visualised on a 1% agarose gel as well as purified using the ExoSAP-ITTM 
PCR product clean-up reagent (USB cooperation, Cleveland Ohio) and following the protocol 





Cycle sequencing reactions were performed using the BigDye ® Terminator V3.1 Kit (Thermo 
Fisher Scientific, Massachusetts, USA), and the same primer pairs used for PCR (Table 2.3). 
Cycle sequencing products were precipitated in ethanol and sodium acetate to remove any 
excess dye terminator before sequenced on an ABI 3130x1 genetic analyser (Thermo Fisher 
Scientific, Massachusetts, USA). 
 
Table 2.3: List of primer pairs used for the construction of the reference library and the 
identification of cultivated material. 
 
Primer Pairs Direction Primer Sequence Reference 
trnQ-F Forward GCGTGGCCAAGYGGTAAGGC Chen et al., 
2012 
trnQ-532-R Reverse TAAAGACGACATTTGATCATCCCTA This study 
rps16-X1-
498-F 
Forward TTATCTCTCTTAGGGATGATCAAATGT This study 
rps16-X1-R Reverse GTTGCTTTYTACCACATCGTTT Chen et al., 
2012 
trnL-F-c-F Forward GGATAGGTGCAGAGACTCA Taberlet et al., 
1991 
trnL-F-d-R Reverse GGGGATAGAGGGACTTGAAC Taberlet et al., 
1991 
trnL-F-e-F Forward GGTTCAAGTCCCTCTATCCC Taberlet et al., 
1991 





Primer Pairs Direction Primer Sequence Reference 
matK-KIM-
3F 




Reverse ACCCAGTCCATCTGGAAATCTTGGTTC Ki-Joong Kim, 
pers. comm 
rbcLa-F Forward ATGTCACCACAAACAGAGACTAAAGC Levin et al., 
2003 

















2.1.5. Sequence Editing and Library Construction 
 
Complementary sequence strands were assembled, edited and aligned using Geneious v.8.1.9 
(http://www.geneious.com, Kearse et al., 2012), and compiled into single and combined-locus 
DNA matrices. This software was also used to generate summary statistics for these datasets 
and for interspecific Single Nucleotide Polymorphism (SNP) discovery. Only datasets with 
SNP’s were used for further analysis.  The matrices where then exported to PAUP* v.4 .0b10 
(Swofford, 2002).  
 
2.1.6 Barcode Gap Analysis 
 
The ability of a genetic marker to differentiate between and within species is dependent on the 
presence of DNA barcode gap (Meyer and Paulay, 2005). A DNA barcode gap is the measure 
of variation within a species relative to other species. This is often considered to be fundamental 
to species identification using DNA barcoding. It is defined as a considerable interspecific 
genetic divergence with a minimalised intraspecific variation (Meyer and Paulay, 2005). Two 
methods were used to test for this. First, the median of interspecific distances with that of intra-
specific distances was compared. For this method, a Wilcoxon Rank Sum Test was also done 
to determine the significance of the disparity between both distances. The second method 
involved measuring and comparing the difference between the furthest intraspecific distance 
and closest interspecific distance for all sequences (Meier et al., 2008). If the difference 
calculated is less than or equal to zero, then the barcode gap does not exist and if the difference 
is greater than zero, then a barcode gap is present. Genetic distances were measured using the 
Kimura 2-parameter (K2P) model (Kimura, 1980), and analyses were carried out in R version 





2.2 Identification of Cultivated Material 
 
Sixty-one samples cultivated as Mesembryanthemum tortuosum (= Sceletium tortuosum) were 
obtained from undisclosed commercial growers in SA. For each, gDNA was extracted, 
amplified, sequenced and edited following the protocol outlined in sections 2.1.2, 2.1.3 and 
2.1.4. Two methods were employed to assign the samples to species: a) a tree-based method 
and b) a character-based method (see sections 2.2.1 and 2.2.2). 
 
2.2.1 Tree-Based Method 
 
In this method, query samples (cultivated material) are assigned to species if their sequences 
formed a monophyletic cluster with reference specimen sequences in a reconstructed 
phylogenetic tree. In this study, the individual reference datasets (trnQ-rps16, trnL-F) and 
combined dataset (trnQ-rps16 + trnL-F) together with the query sample sequences were used 
to reconstruct maximum parsimony trees (MP; Farris, 1972) in PAUP *v.4.0a (Swofford, 
2002).  As discussed in section 2.1.1, representatives of the genus Drosanthemum were used 
as outgroup taxa. Heuristic tree searches were conducted with 1 000 random sequence additions 
while retaining 10 trees with each step to reduce the duration of branch swapping per 
replication. A tree-bisection-reconnection (TBR) branch swapping algorithm was selected 
along with multiple equally parsimonious trees (MulTrees). Branch support was then 
calculated using a bootstrap analysis (Felsenstein, 1985). To assess the bootstrap support (BP), 
the following scale was used: weak support (50-74%), moderate support (75-84%) or strong 




                                 
2.2.2 Character-Based Method       
 
For this method, the BRONX (Barcode Recognition Obtained with Nucleotide eXposé’s) 
sequence identification engine (SIDE) using two PERL scripts released under a GNU General 
Public License version 2 (http://www.nybg.org/files/scientists/dlittle/BRONX.html; Little, 
2011) was implemented to assign query sample to known species in the reference dataset. The 
‘BRONX.pl’ function was used to identify the query sequences by matching a sequence’s 
context to the context of the reference exposés. This analysis focuses on the similarities 
resulting from the matching contexts, which are then scored. A positive species level 
identification was made when the highest-scoring hit returned had ≥ 90% matching characters. 
When < 90% characters matched for the highest-scoring hit or when two or more equally high-





Chapter 3: Results 
 
3.1 DNA Barcode Reference Library 
 
3.1.1 Summary Statistics 
 
All eight accepted Mesembryanthemum species within the Sceletium-group were used as 
reference species for the DNA barcode reference library. Each species had at least two 
sequences, except for M. expansum. Due to the variable PCR amplification and sequencing 
success rates of the trnL-F and trnQ-rps16 markers (success rates of 85% and 70%, 
respectively), numerous taxa were omitted from the final dataset used to construct the reference 
library. For the trnL-F dataset, M. emarcidum (Klak 1407 (1)), M. tortuosum (Klak 2564 (2)) 
and M. varians (Klak 2586 (a) and Klak 2587 (a)) were excluded. For trnQ-rps16, the 
following taxa were omitted from the dataset: M. emarcidium (Klak 2580 and Klak 1407 (1)), 
M. tortuosum (Klak 2564 (1) and Klak 2564 (2)) and M. varians (Klak 2586 (a) and Klak 2587 
(a)). 
 
The intraspecific sequence variation of the trnL-F dataset ranged from a minimum of zero to a 
maximum of four bases per species. The average aligned sequence length was 1 000 base pairs 
(bp), with a minimum length of 958 bp and a maximum length of 1 038 bp. The intraspecific 
sequence variation of the trnQ-rps16 dataset was similar to that of the trnL-F dataset (i.e. 
ranged from a minimum of zero to a maximum of four bases per species). The average aligned 
length for this dataset was 800 bp, with a minimum length of 498 bp and a maximum length of 




varians Klak 2586 (b) sequence, which was 449 bp long. The rbcLa and matK gene regions 
showed no variation between species within the Sceletium-group, and thus were excluded from 
these results and further analyses. 
 
3.1.2 Variable Sites 
 
The trnL-F and trnQ-rps16 gene regions showed numerous variable sites in the form of Single 
Nucleotide Polymorphisms (SNPs). The trnL-F gene region had a total of five SNPs at 
positions 258, 408, 893, 894, 899. The trnQ-rsp16 gene regions had five SNPs at positions 26, 
52, 404, 421 and 438 (Figure 3.1). Mesembryanthemum tortuosum lacks any defining SNPs in 
the trnL-F gene but has one in the trnQ-rps16 gene at position 435 of SNP5 (adenine instead 






Figure 3.1: Single nucleotide polymorphisms (SNP) represented in the individual genes: (A) trnL-F and (B) trnQ-rsp16. Both genes 




3.1.3 DNA Barcode Gap Analysis 
 
The gap analysis was executed on the two individual datasets and the combined dataset (i.e. 
trnL-F, trnQ-rps16 and trnL-F + trnQ-rps16; Figure 3.2). Using the first approach, the median 
interspecific genetic distance was found to be higher than the median intraspecific genetic 
distance for the trnL-F dataset (Figure 3.2A) with a p-value of 0.03241 when including and 
excluding singletons. The median interspecific genetic distance was slightly higher than the 
median intraspecific genetic distance for the trnQ-rps16 dataset (Figure 3.2B), with a p-value 
of 0.03241. Finally, the median interspecific genetic distance was found to be higher than the 
median intraspecific genetic distance for the combined dataset (Figure 3.2C), with a p-value of 
0.6523. The significance value for the t-test is 0.05. The barcode gap analysis of the trnL-F 
dataset (with and without singletons) as well as the trnQ-rps16 dataset yielded a significant p-
value, which is indicative of the presence of a DNA barcode gap. Yet, the barcode gap analysis 
on the combined dataset yielded an insignificant p-value, which is indicative of an overlap 
rather than a barcode gap. 
 
The barcode gap analysis using the second method is presented in Figure 3.3. The grey bars 
show a positive relationship between the intraspecific and interspecific genetic distances, 
where the largest intraspecific genetic distance of a species is subtracted from the interspecific 
genetic distance of the closest best match species. A positive value means that a barcode gap 
is present, whilst a zero or negative value (denoted by the red bars) indicates the absence of a 








Figure 3. SEQ Figure_3. \* ARABIC 2: Mean gap analysis of three datasets: trnL-F, trnQ-rps16 and the combined dataset. Diagrams showing the mean 
interspecific variation to the mean intraspecific variation. 
Figure 3.2: Mean gap analysis of three markers: trnL-F, trnQ-rps16 and the combined dataset. Diagrams showing the mean interspecific variation 






Figure 3.3: Individual gap analysis per specimen of the three markers: trnL-F, trnQ-rps16 and the Combined dataset. trnL-F dataset’s 
Individuals: (1-2)= Mesembryanthemum archeri, (3-6) M. crassicaule, (7-10) M. emarcidum, (11-13) M. exalatum, (14-15) M. tortuosum and 
(16-19) M. varians. trnQ-rps16 & Combined dataset’s Individuals: (1-2)= Mesembryanthemum archeri, (3-6) M. crassicaule, (7-10) M. 
emarcidum, (11-12) M. exalatum, (13-14) M. tortuosum and (15-17) M. varians. A barcode gap for the individuals is represented by a grey bar, 
whilst a red  bar shows the lack of a barcode gap. 
A) trnL-F B) trnQ-rps16 C) Combined 
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3.2 Identification of Cultivated Material 
 
3.2.1 Barcoding efficiency 
Sequences were recovered for 39 out of the 61 query cultivated specimens (64%). The 22 query 
specimens (36%) for which no sequences could be generated were omitted from further 
analyses.  
 
3.2.2 Tree-based Method 
Statistics of the MP analyses for the individual and combined datasets (prior to the addition of 
the query sequences) are shown in Table 3.1. Of the two individual regions, trnQ-rps16 had 
the highest percentage of variable sites (12.9% where trnL-F only had 7.5%; Table 3.1). The 
percentage of parsimony informative characters for the trnQ-rps16 dataset (7.2%) was also 
slightly higher than for the trnL-F dataset (6.1%). Variable sites evolved at a similar rate (Table 
3.1) and performed equally well (as measured by the retention index).   
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Table 3.1: Statistics obtained from PAUP* for the two individual datasets and the combined 
dataset. 
 
 trnL-F trnQ-rps16 Combined 
Number of Mesembryanthemum taxa 
included 
22 18 20 
Number of outgroup taxa included 3 3 3 
Total number of trees saved 1517 2533 1699 
Total number of characters 1079 878 1957 
Number of constant characters 998 765 1773 
Number of variable sites 81 (7.5%) 113 (12.9%) 184 (9.4%) 
Number of variable characters: 
parsimony- informative 
66 (6.1%) 63 (7.2%) 130 (6.6%) 
Tree length (TL) – number of steps 87 117 196 
Consistency index (CI) 0.96 0.99 0.99 
Retention index (RI) 0.98 0.98 0.98 
Average number of changes per variable 
site (number of steps/ number of variable 
sites) 
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The resulting trees from the MP analyses of the individual (trnL-F and trnQ-rps16) and 
combined (trnL-F + trnQ-rps16) reference datasets (prior to the addition of the query 
sequences) are presented in Figure 3.4. Individual plastid sequence analyses (Figure 3.4) were 
topologically consistent, and for the purpose of the results and discussion were combined and 
treated as a single analysis. The MP analysis yielded 1 699 most parsimonious trees with 196 
steps, a CI of 0.99 and a RI of 0.98 (Table 3.1). The bootstrap consensus tree obtained from 
the combined plastid dataset is illustrated in Figure 3.4. Due to a lack of sufficient informative 
sequence variation, the resolution in the plastid tree was poor. The grouping M. varians and M. 
expansum (Bootstrap percentage (BP) = 55) was moderately supported (BP = 84) as sister to 
the rest of the members of Mesembryanthemum subg. Mesembryanthemum sect. Planifolia.   
 
For the tree-based approach, query sample sequences were added to the combined reference 
sequence matrix prior to an MP analysis. They were then assigned to a species based on which 
species in the reference library they formed clusters with on the resulting tree (see Figure 3.5). 
However, this method was not able to resolve the identities of the cultivated samples (Figure 
3.5). 
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3.2.3 Character-based Method (BRONX) 
 
Using the BRONX method, the three datasets were able to identify three different species 
among the cultivated samples (i.e. Mesembryanthemum tortuosum, M. crassicaule and M. 
emarcidum). There were 14 and two ambiguous identifications using the trnL-F dataset and 
the trnQ-rps16 dataset, respectively. No ambiguous identifications were made using the 
combined dataset (Tables 3.2 and 3.3). Mesembryanthemum tortuosum was identified seven 
Figure 3.5: Maximum parsimony tree of the combined dataset used to assign cultivated query 
sample sequences to reference sample sequences. Values above the branches indicate bootstrap 
support percentages. The red dots represent cultivated query samples.  
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and 18 times using the trnL-F dataset and trnQ-rps16 dataset, respectively. 
Mesembryanthemum crassicaule was identified 18 and 19 times using the trnL-F dataset and 
trnQ-rps16 dataset, respectively. Overall, the combined dataset identified 18 M. tortuousum 
samples and 21 M. crassicaule samples (Tables 3.2 and 3.3). 
Table 3.2: BRONX identities of the 39 cultivated material across the three datasets. 
 
Voucher  trnL-F trnQ-rps16 Combined 
SCE003 M. crassicaule M. crassicaule M. crassicaule 
SCE009 M. crassicaule Ambiguous M. crassicaule 
SCE011 M. crassicaule Ambiguous M. crassicaule 
SCEL003 M. crassicaule M. tortuosum M. tortuosum 
SCEL004 M. emarcidum M. crassicaule M. crassicaule 
SCEL005 M. tortuosum M. tortuosum M. tortuosum 
SCEL006 M. crassicaule M. crassicaule M. crassicaule 
SCEL007 Ambiguous M. crassicaule M. crassicaule 
SCEL008 M. tortuosum M. crassicaule M. crassicaule 
SCEL010 M. crassicaule M. crassicaule M. crassicaule 
SCEL011 M. crassicaule M. tortuosum M. tortuosum 
SCEL015 M. tortuosum M. tortuosum M. tortuosum 
SCEL016 M. tortuosum M. tortuosum M. tortuosum 
SCEL019 Ambiguous M. tortuosum M. tortuosum 
SCEL020 M. crassicaule M. tortuosum M. tortuosum 
SCEL021 Ambiguous M. crassicaule M. crassicaule 
SCEL022 M. crassicaule M. crassicaule M. crassicaule 
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Voucher  trnL-F trnQ-rps16 Combined 
SCEL023 M. crassicaule M. crassicaule M. crassicaule 
SCEL024 Ambiguous M. tortuosum M. tortuosum 
SCEL025 M. crassicaule M. tortuosum M. tortuosum 
SCEL027 M. crassicaule M. crassicaule M. crassicaule 
SCEL028 M. tortuosum M. crassicaule M. crassicaule 
SCEL029 M. emarcidum M. crassicaule M. crassicaule 
SCEL030 Ambiguous M. tortuosum M. tortuosum 
SCEL031 M. crassicaule M. tortuosum M. tortuosum 
SCEL032 M. tortuosum M. tortuosum M. tortuosum 
SCEL033 M. crassicaule M. tortuosum M. tortuosum 
SCEL034 Ambiguous M. crassicaule M. crassicaule 
SCEL035 Ambiguous M. tortuosum M. tortuosum 
SCEL037 M. tortuosum M. tortuosum M. tortuosum 
SCEL038 M. crassicaule M. crassicaule M. crassicaule 
SCEL040 Ambiguous M. tortuosum M. tortuosum 
SCEL041 M. emarcidum M. crassicaule M. crassicaule 
SCEL043 Ambiguous M. crassicaule M. crassicaule 
SCEL045 M. crassicaule M. crassicaule M. crassicaule 
SCEL046 M. tortuosum M. tortuosum M. tortuosum 
SCEL047 Ambiguous M. tortuosum M. tortuosum 
SCEL049 M. emarcidum M. crassicaule M. crassicaule 




Table 3.3: Table of cultivated material identified using a BRONX search algorithm. 
 
BRONX ID trnL-F trnQ-rps16 Combined 
Mesembryanthemum tortuosum 8 18 18 
Mesembryanthemum crassicaule 17 19 21 
Mesembryanthemum emarcidum 4 - - 








4.1.1 Reference Library Development 
 
To establish DNA barcoding as a feasible authentication method for products sold as 
Mesembranthemum (=Sceletium) tortuosum, the development of an efficient DNA barcode 
reference library of expertly identified Mesembryanthemum subg. Mesembryanthemum sect. 
Planifolia species is essential. The reference library produced in the current study represents a 
crucial step towards this goal. First, the core barcoding regions (matK and rbcLa), the trnL-F 
region and the trnQ-rps16 intergenic spacer were screened for sequence variability prior to 
library construction and testing. Sequence variability was picked up for trnL-F and trnQ-rps16 
but was found to be minimal/non-existent for the core barcoding regions (data not shown). This 
is supported by the findings of Powell et al. (2018) who screened several commonly used 
barcode loci for discriminating between species within Aizoaceae. They found that matK in 
this family had very low sequence variability and minimal parsimony informative characters. 
Although these researchers did not investigate rbcLa, several species within the Conophytum 
clade were sequenced by them for rbcL as part of a barcoding project (BOLD), but it too 
showed very low variation (even less than matK). Therefore, these two regions were excluded 
from further analysis in the current study. 
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All eight species within the Sceletium-group are represented in the trnL-F dataset while only 
six of the eight are represented in the trnQ-rps16 dataset. Mesembryanthemum expansum and 
M. ladismithiense were absent from the latter dataset due to difficulties in sourcing raw material 
for them. Therefore, the combined reference library (trnL-F + trnQ-rps16) has representatives 
of all eight species within the Sceletium-group, but has trnQ-rps16 gaps for the latter two taxa. 
The trnL-F sequences of these two species were mined from GenBank following their inclusion 
in a study by Klak et al. in 2007. A major drawback of using sequences mined from GenBank 
is that the specimens for which they were generated may have been misidentified. However, 
Klak et al. (2007) used expert-identified specimens to produce these sequences with published 
locality data – justifying their inclusion in this instance. Nevertheless, each species in the 
library should ideally be represented by a minimum of two individuals. The lack of sufficient 
sampling and the inclusion of single representatives of species (singletons), potentially 
undermines the efficiency of the resulting dataset in identifying all queries to species level. 
Hence, more sampling is required to avoid singletons and to improve the performance of the 
reference dataset for future applications.  
 
One of the requirements of a good DNA barcode is that it must be hypervariable among closely 
related species, but should be conserved enough to allow for the development of universal 
primers (Little, 2011). Initially, only standard trnL-F and trnQ-rps16 primers were used for 
amplification and sequencing, but the sequencing success rate was low due to the large size of 
these regions. Thereafter, internal primers were employed to varying degrees of success. For 
future applications using these regions in the context of DNA barcoding, further optimization 
of internal primers may be required.  
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4.1.2 The Barcode Gap 
 
Due to sampling issue discussed previously in Section 4.1.1, trnL-F had singleton taxa for 
Mesembryanthemum expansum and M. ladismithiense. The analysis showed a significant 
barcode gap when the singletons were present, but when the singletons were removed there 
was no barcode gap for the trnL-F dataset.  
 
All subsequent barcode gap analyses were carried out on datasets without singletons to ensure 
a consistent number of taxa across the three datasets. trnQ-rps16 displayed a significant 
barcode gap, while the trnL-F and the combined datasets both lacked a barcode gap. However, 
the absence of a barcode gap does not necessarily translate to discriminatory inefficiency (Little 
et al., 2013). This is supported by the fact that sequences that these datasets are made up of 
have proven useful in the application of Aizoaceae phylogenetic studies (Klak et al. 2013; 
Powell et al., 2016, 2017). The absence of a barcoding gap in the Aizoaceae may be attributed 
to the recent and rapid radiation of the family, which is linked to incomplete lineage sorting, 




4.1.3 Commercially cultivated plant authentication 
 
Firstly, the sequencing success rate for the trnL-F and trnQ-rps16 regions of the cultivated 
query specimens were assessed and found to be particularly low. Since all cultivated samples 
were freshly collected and silica dried prior to barcoding, DNA degradation and sequencing 
inhibition due to plant processing (a common DNA barcoding challenge) is likely not 
responsible for the failed reactions in this instance (Costa et al., 2015; Ivanova et al., 2016; Xin 
et al., 2018; Seethapathy et al., 2019; Grazina et al., 2020). The quality of the extracted DNA 
may also, however, be affected by the presence of plant metabolites such as alkaloids and 
flavanoids (Sahu et al., 2012). Members of the Sceletium-group produces alkaloids belonging 
to the crinane class of compounds, which are thought to be responsible for their medical value 
(Gericke and Viljoen, 2008). To overcome such a challenge, the DNA isolation method may 
need to be adjusted and optimised for members of this group. Furthermore, as mentioned in 
section 4.1.1, the primers used in the current study could also be responsible for the modest 
amplification success and may require further optimisation. 
  
A major aim of the current study was to authenticate specimens cultivated as M. tortuosum; 
two different analytical approaches were followed here to achieve this namely a tree-based 
approach and a character-based approach (BRONX). A similarity-based approach (i.e. using 
NCBI’s BLAST algorithm) is also often employed, but because it often falls short when 
working with closely related species, for which a high degree of discrimination is required 
(Sandionigi et al., 2012), it was omitted in this instance. 
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In the tree-based method, queries are assigned to the species with which they form a 
monophyletic clade in the phylogenetic tree. Here, none of the market queries were resolved 
to species level in the MP tree; i.e. they did not form monophyletic groupings with any 
particular taxa in the combined dataset. This is likely due to a lack of informative sequence 
variation. 
 
In a study by Little (2011), the BRONX SIDE was determined to be a superior method of 
genus- and species-level identification among the ones tested - including the BLAST algorithm 
and the tree-based identification method. This coincides with the findings of the current study. 
BRONX matches query samples by comparing the number of similar characters it shares with 
sequences in the reference library (Little, 2011). For the BRONX analysis 75 % and 95 % of 
the query samples were successfully assigned to species using the individual trnL-F and trnQ-
rps16 datasets, respectively. Using the combined dataset, false and ambiguous identifications 
were eliminated, and all query samples could successfully be assigned to species. Among the 
39 samples from plants cultivated commercially as M. tortuosum, 21 were found to be 
unauthentic and were identified as M. crassicaule. The collectors of the original plants likely 
procured these two different species (and/or hybrids between them) as M. tortuosum without 
noticing, since they share similar floral and leaf characteristics and have an overlapping 
distribution (Figure 4.1). This may therefore likely be a case of unintentional 
substitution/adulteration. This has implications for standardised products such as the ones 
containing Zembrin®, since it is not known whether these two species are pharmacologically 
equivalent, and if different ratios of them may influence product potency/action. It is 
recommended that this be investigated further.  
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DNA barcoding can be used alongside other techniques to develop a proficient method of 
identifying these medicinal herbs. Plenty is known about majority of the chemical properties 
of the Sceletium-group, yet there are two species in this group that have little published 
chemical data; i.e. M. varians and M. crassicaule. This data can help decrypt the relationship 
of M. tortuosum and M. crassicaule, and shed light on the impact this adulteration/substitution 




Figure 4.1: The overlapping distribution of Mesembryanthemum tortuosum and M. crassicaule. 
A= Namaqualand, B= Little Karoo. 
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4.1.4 Regulation of kanna based products 
 
Locally, kanna containing medicines are registered under the South African Health Products 
Regulatory Authority (SAHPRA). This applies to all the forms of such products including 
extracts, powders, teas, raw material etc. The SAHPRA requires the manufacturer/producer to 
disclose the active ingredients of the medical product, which is used to assess its safety and 
efficacy. Hg&H pharmaceutical is the only company with rights to research, cultivate plant 
material and produce extracts of M. tortuosum (=S. tortuosum; Kanna) for national and 
international utilisation. Current registration for international use specifies only Sceletium 
tortuosum as kanna, yet there are two other species in the Sceletium-group that share this 
common name. Based on the BRONX results, another species, Sceletium crassicaule (= 
Mesembryanthemum crassicaule), is being mass cultivated for commercial use as Sceletium 
tortuosum. This calls into question more traditional authentication methods for this species and 
highlights the utility of a DNA barcoding approach to address it. 
 
4.2 Conclusions and Recommendations 
 
Due to overharvesting and a decrease in wild populations of kanna, there was a need to 
conserve natural populations of Sceletium-group species. This led to the establishment of 
commercial plantations whose sole purpose is to mass propagate plants from a certain number 
of wild harvested kanna plants, and supply them in large enough quantities to sustain 
commercial operations, while conserving the natural populations from depleting any further. 
There have been some concerns over the taxonomic authenticity of these commercial plant 
populations in recent years, however, due to the ease at which the different species within this 
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group may be confused with one another. With growing awareness that the authenticity of 
commercial herbal products forms the basis for their safety and efficacy (Hussain and Bedi, 
2012; Urumarudappa et al., 2016), there is pressure on companies to deliver authentic 
specimens to consumers. The current study aimed to utilize a DNA barcoding approach to aid 
in this endeavour. 
 
In conclusion, in this study, the first DNA barcoding reference library that included all eight 
recognised species within the Sceletium-group (belonging to M. subg. Mesembryanthemum 
sect. Planifolia) was produced. The library consists of a trnL-F, trnQ-rps16 and a combined 
dataset. This group of species are closely related due to their clustered distribution in the Cape 
provinces. There exists some genetic variation within some species, which can be attributed to 
a magnitude of reasons such as introgression and ancestral polymorphism. As a result of this 
intraspecific variation, several individual species within the Sceletium-group display 
polyphyletic relationships. A tree-based analysis and a BRONX analyses was employed to 
authenticate query cultivated material as M. tortuosum. Due to the modest resolution of the 
alignments and phylogenies, the query samples could not be identified with the tree-based 
approach. On the other hand, the BRONX analysis was able to identify the cultivated material. 
From these results we were able to demonstrate that 54% of the cultivated material was 
misidentified, while only 46% was indeed M. tortuosum. To better improve the resolution of 
this group we recommend incorporating several more high-resolution markers and also using 
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